Abstract: Biosorption is a relatively new process that has proven very promising in the removal of contaminants from aqueous effluents. Microorganisms as well as plant-and animalderived materials have been used as biosorbents by many researchers. Biomaterial immobilization and chemical modification improves the adsorption capacity and stability of biosorbents. Biosorption experiments over Cu(II), Cd(II), Pb(II), Cr(III), and Ni(II) demonstrated that biomass Cu(II) adsorption ranged from 8.09 to 45.9 mg g -1 , while Cd(II) and Cr(VI) adsorption ranged from 0.4 to 10.8 mg g -1 and from 1.47 to 119 mg g -1 , respectively. Mechanisms involved in the biosorption process include chemisorption, complexation, surface and pore adsorption-complexation, ion exchange, microprecipitation, hydroxide condensation onto the biosurface, and surface adsorption. Chemical modification and spectroscopic studies have shown that cellular components including carboxyl, hydroxyl, sulfate, sulfhydryl, phosphate, amino, amide, imine, and imidazol moieties have metal binding properties and are therefore the functional groups in the biomass. Column studies using support matrices for biomass immobilization such as silica, agar, polyacrilamide, polysulfone, alginates, cellulase, and different cross-linking agents have been performed to improve the biomass adsorption capacity and reusability. In this review, the salient features of plant-derived materials are highlighted as potential phytofiltration sources in the recovery of toxic heavy and precious metals.
INTRODUCTION
Several industrial and agricultural processes as well as mining activities have increased the concentration of toxic contaminants in water and wastewaters around the world [1, 2] . Beginning in the 1960s, industrialized countries became aware of a health threat provoked by water contamination, which led to immediate legislation by various governments to control those harmful activities primarily responsible for such pollution. The development of proper clean-up methods also became a priority in the legislation process. In 1969, the U.S. Congress approved the National Environmental Policy Act with the purpose "…to promote efforts which will prevent or eliminate damage to the environment and biosphere and stimulate the health and welfare of man…" (Congressional Declaration of National Environmental Policy, Sec. 101 [42 USC § 4331] ). Since then, significant efforts have been made in developing appropriate methodologies for cleaning polluted water and wastewater.
Current methodologies used in the removal of toxic contaminants found in both water and wastewater include procedures such as chemical precipitation, membrane filtration, ion exchange, carbon adsorption, and coprecipitation/adsorption [3] . While precipitation is the most common among such meth-ods, the disadvantage is that it only reduces the dissolved metal concentration to the solubility product level, which is frequently out of compliance with rigorous discharge permit standards and thus requires additional cleaning stages. These aforementioned techniques are all generally expensive and might possibly generate by-products dangerous to human health, such as in the case of leachates, which originate from ion-exchange resins [4] .
Biosorption is a relatively new technique that emerged in the 1980s and gained a considerable amount of attention since it has shown to be very promising in the removal of contaminants from effluents in an environmentally friendly manner [5, 6] . Biosorption refers to the passive or physicochemical attachment of chemical species to the biopolymers present in a biomass [7] . Biosorbents are generally inexpensive because they are either naturally abundant or found as waste material from certain process [3] . It has been shown that different kinds of inexpensive dead biomasses can be used as biosorbents to sequester toxic contaminants from waters and wastewaters. Biosorbents might be classified according to the following sources: bacteria, algae, fungi, plant-derived, and animal-derived. Dead biomass offers several advantages over living organisms since the former does not need maintenance and is not affected by high concentrations of pollutants. Living organisms, on the other hand, need nutritional supply and are usually affected by a high concentration of contaminants [8] .
Biomaterials have been used as biosorbents either in raw or chemically modified forms. Chemical modification generally improves the adsorption capacity and stability of biosorbents. Biomaterials have also been immobilized in different matrices for similar purposes. Examples of current chemical modifications include chitosan, which is the acetylated derivative of chitin and alginate, which are linear, nonbranched polymers derived from algae [3] . A variety of biomaterials have been used to remove a wide variety of contaminants. In fact, one can practically find a specific biomaterial for the adsorption of each pollutant found in aqueous effluents. Table 1 shows examples of biomaterials that have been successfully used in the removal of organic and inorganic pollutants. As seen in this table, bacteria, algae, and fungi have been extensively used by several researchers for toxic heavy and precious metal recovery. Organic pollutants have been treated with bacteria and fungi, while plant-derived biomass has demonstrated a high capability for toxic and precious metal recovery. In this review, the salient features of plant-derived materials used as phytofiltration sources for toxic heavy and precious metal recovery are highlighted. 
BIOMATERIALS TESTING
Batch experiments are initially performed in order to test the biomaterial potential for contaminant removal from aqueous solutions. The biomaterial testing methodology consists of a series of experiments. These experiments provide information about factors such as the optimal pH for metal binding, time dependency, capacity of the biomass to bind metal ions, efficiency of stripping (desorbing) agents, multimetal competition, as well as interference studies [9, 10] . Several factors considered in the evaluation of the biosorption capability of a biomass are described below.
pH Studies
Most natural waters have pH values between 4 and 8.5, and the main acids present in these waters are weak (i.e., some organic acids, carbonic acid, bicarbonate ion). Waters with pH < 4 usually contain strong acids (H 2 SO 4 , HCl); the pH level of seawater is about 8.15 and waters with pH values higher than 8.5 typically contain sodium carbonate and bicarbonate along with other strong bases [11] . Most industrial effluents remain in the acid range, and since acidity favors the solubility of heavy metals, it is expected that the lower the pH, the higher the concentration of heavy metals. The pH condition of the solutions is an extremely important factor in metal biosorption since it governs a series of phenomena such as site dissociation and chemistry of the heavy metals. At low pH values, binding sites in the biomass are generally protonated or positively charged, thus repulsion occurs between the metal cations and the biomass. At higher pH values, binding sites start deprotonating, making different functional groups available for metal binding. In general, cation-binding increases as pH increases. As previously mentioned, pH not only influences functional group dissociation, but also the chemistry of metals in a solution. Hydrolysis, complexation, precipitation, and redox reactions are pH-dependent phenomena that will influence the speciation and availability of heavy metal for biosorption [12] .
Hydrolysis refers to the reaction between water and another chemical species. In this reaction, one or both of the O-H water bonds are broken and a hydrogen, oxygen, or hydroxyl group is incorporated into one or more of the products [13] . A typical hydrolysis reaction is shown in eq. 1, where M n+ refers to the metal cation
As shown in eq. 1, hydrogen ions are released, and consequently the solution pH is lowered in the hydrolysis process. This equation also shows that the metal cation is not "free", but instead surrounded by water molecules, a phenomenon that consequently interferes with the metal biosorption process.
Complexation reactions occur when a cation or atom is bound to an anion or neutral molecule by sharing pairs of electrons, forming a coordinate covalent bond [14] . This cation, or atom, is called a central metal ion, or atom, and the attaching groups are called ligands. Some elements such as Cu 2+ , Hg 2+ , U 4+ , Fe 3+ , and Pb 2+ , are more often found forming complexes than free ions [11] . Complexation reactions are important for biosorption since the formation of complexes in aqueous solutions might either favor or inhibit the adsorption process, depending on the characteristic of the product.
Hydrolysis and complexation reactions are pH-dependent, and as pH increases, the formation of hydroxyl compounds also increases. The pH required for hydroxide precipitation depends on the chemical nature of the metals. However, when this condition (optimal pH) is reached, hydroxides precipitate and metals are removed from solution, thus avoiding any possible metal biosorption.
The pH also influences redox reactions. In a redox reaction, one chemical species transfers electrons (oxidizes), thus reducing another. Sometimes, redox reactions occur in acidic or basic solution and H + or OH -species participate in the process [14] . Such is the case of the reduction of Cr(VI) to Cr(III), where an acidic pH and the presence of organic matter are important factors in the reaction [15] .
Heavy metals generally tend to bind to the biomass at pH values that are somewhat more acidic than the pH at which the metal precipitates in the hydroxide form [16] . However, a pH profile is necessary since unknown reactions between the metal ions and the biomass might occur, modifying to some extent the "normal" metal behavior. Table 2 shows a summary of the optimum pH values for metal binding to different types of biomasses. As shown in this table, most of the heavy metals studied bind better to the biomass at pH values between 4.0 and 6.0. 
Time-dependency and capacity studies
Time-dependency studies offer data about the changes in metal adsorption related to time. In these studies, the minimum time necessary for the biomass to be in contact with the metal ion solution is identified. As for binding capacity, it is particularly important to determine the maximum amount of metal that the biomass is able to adsorb. If the biomaterial is capable of binding a considerable amount of contaminant, it might be considered an appropriate candidate for phytofiltration. Binding capacity might be reported in milligrams per gram (mg g -1 ), and moles or micromoles per gram. Table 3 shows a compilation of different plant biomasses that have been studied for their use in metal recovery from aqueous solutions as well as their reported adsorption capacity in mg g -1 for a variety of heavy metals. As shown in Table 3 , Cu(II), Cd(II), Pb(II), Cr(III), and Ni(II) have been the most studied metals. Cu(II) adsorption capacity varies from 8.09 mg g -1 , obtained using petiolar feltsheath palm, an arecaceae [17] , to 45.9 mg g -1 , obtained with silverleaf nightshade Solanum eleagnifolium [18] . However, the results for Cd(II) adsorption, the second most studied metal, are low compared to those obtained for Cu(II). For Cd(II), the adsorption ranged from 0.4 mg g -1 , obtained with cactus powder [19] , to 10.8 mg g -1 , obtained using petiolar felt-sheath palm [17] . As shown in Table 3 , Cr(VI), one of the most toxic metal species, has received less attention. Orhan and Buyukgungor [20] found that nut shell has a Cr(VI) adsorption capacity of 1.47 mg g -1 , while Sharma and Forster [21] found that Irish sphagnum peat moss has a Cr(VI) adsorption capacity of 119 mg g -1 at pH 1.5. Perhaps researchers have avoided studying Cr(VI) due to its instability and oxidizing power, characteristics that make it difficult to study Cr as Cr(VI). 
Metal recovery
A stripping agent is a chemical mediator used in the recovery of the adsorbed metal from the biomaterial. When determining the optimal stripping agent, one should consider the following: the capacity to recuperate the metal(s) in a high percentage by using a small volume of such agent in solution, the "benevolence" of the stripping agent in terms of not causing physical damage to the biomaterial, its potential toxicity, and the possible reduction to the metal uptake capacity that the stripping agent might cause. Stripping agents work by precipitating or complexing the heavy metal attached to the biomass, or by an ion-exchange mechanism [22] . Table 4 presents varieties of stripping agents that have been explored for their use in desorption of metals and are organized according to the mechanism of metal recovery. [82] NaOH [54] Compounds such as Na 2 EDTA, sodium citrate, NTA, and sodium carbonate salts are used as stripping agents since they have the ability to complex heavy metals and put them back into the solu-tion. These compounds possess pairs of electrons that are available to complex metals. Figure 1 shows the chemical structure of Na 2 EDTA where the pairs of electrons that are used in the metal complexation are the ones forming the sodium carboxylate salt.
As Table 4 indicates, desorption of the heavy metals attached to the biomass might be achieved by using a precipitating agent. Crist et al. [22] performed the desorption of Cd adsorbed to Vaucheria biomass by immersing the Cd-laden biomaterial in a sulfide solution. In this way, CdS, which is insoluble in water, was formed. The disadvantage of using this method is that the metal is not dissolved in the aqueous solution, and therefore it is not possible to directly quantify the degree of desorption since most of the precipitate is adhered to the biomass.
Another way of desorbing metals is by using chemical species that allow for an ion exchange between the metals bound to the biomass and the cations in the solution. These chemical species could be strong acids or bases, which provide positive species able to displace the metal ions. In most of the cases shown in Table 4 , experiments performed with different biomasses and heavy metals report about an 80-100 % rate of metal recovery.
Multimetal competition and biosorption interference
Wastewater effluents typically contain more than one toxic metal as well as light metal ions, which could reduce the ability of the biomaterial to eliminate the toxic species from the solution. Thus, multimetal competition and interference experiments are usually performed in order to find out if the presence of other species might interfere with the binding of the target metal ion to the biomass. Competition between chemical species for the binding sites depends on factors such as the chemistry of the metal, pH of the solution, the nature of the binding sites, the amount of binding sites, the diversity of chemical species, metal ion concentration, and the selectivity of the biomass to bind certain species. Hard water components (Ca(II) and Mg(II)) frequently decrease the effectiveness of synthetic resins to recover heavy metal ions present in wastewaters. However, different research groups have shown that even when Ca(II) somewhat interferes with heavy metal binding, most of the time ions such as (Na(I), Ca(II), and Mg(II) do not substantially affect heavy metal biosorption [10, [23] [24] [25] [26] .
Heavy metal biosorption at low concentrations
Traditional methods for heavy metal removal from wastewaters are usually inappropriate or very expensive if applied to effluents containing low levels of contaminants. Several research groups have found that some biosorbents are very effective in recovering a variety of heavy metals from wastewaters when they are present at ppb (parts per billion) concentrations. Spinti et al. [27] reported on the use of S. peat moss to eliminate heavy metals present at low concentrations in acid mine drainage. GardeaTorresdey et al. [24, 25] have reported on the trace level Cu(II) and Au(III) binding to alfalfa biomass with excellent results. In addition, De la Rosa et al. [28] have shown that Canadian S. peat moss, its humin and humic acids efficiently remove Cu(II), Cd(II), Cr(III), Ni(II), and Pb(II) when these elements are found at trace level in an aqueous solution. Therefore, biosorption displays another advantage over conventional methods for heavy metal removal from aqueous effluents. 
MECHANISM OF METAL BIOSORPTION
Metal biosorption is a rather complex process affected by several factors. Mechanisms such as chemisorption, complexation, adsorption-complexation on surface and pores, ion exchange, microprecipitation, heavy metal hydroxide condensation, as well as surface adsorption, are involved in the biosorption process [6, 16, 29] .
In order to understand how metals bind to the biomass, it is essential to identify the functional groups responsible for metal binding. Most of the functional groups involved in the binding process are found in cell walls. Plant cell walls are generally considered as structures built by cellulose molecules, organized in microfibrils and surrounded by noncellulosic polysaccharides, such as lignin and pectin along with small amounts of protein and some hemicellulosic materials (xylans, mannans, glucomannans, galactans, arabogalactans) [30] [31] [32] . In summary, these biomolecules contain carboxyl, hydroxyl, sulfate, sulfhydryl, phosphate, amino, amide, imine, and imidazol moieties that are the functional groups in the biomass with metal binding properties.
As previously mentioned, pH affects the selectivity of the biomass to bind a variety of metals. While binding sites remain different at different pH levels, it is still necessary to identify which functional groups are actually participating in metal binding in order to understand the mechanisms involved. The techniques that have been used in order to gain information about the nature of those binding sites include chemical modification of the biomass as well as a variety of spectroscopic techniques.
Chemical modification
Biomass chemical modifications include esterification of carboxyl and phosphate groups, methylation of amino groups, and hydrolysis of carboxylate groups [33] [34] [35] . Esterification is usually performed through the reaction of the biomass with acidic methanol (eq. 2). In this process, an ester is formed and the carboxyl groups are blocked [34] . Esterification of phosphate groups, on the other hand, is accomplished by treating the biomass with a triethyl phosphite/nitromethane mixture (eq. 3). Methylation of amino groups is achieved by a reaction of the biomass with a mixture of formaldehyde/formic acid (eq. 4). Finally, the formation of carboxylate moieties from esters is carried out by exposing the biomass to NaOH solutions (eq. 5).
[2]
[3]
[4] [5] Through these modifications, the variation in metal binding capacity by a variety of biomaterials has been studied. Experimental results have shown that esterification of Solanum eleagnifolium biomass and S. peat moss and its humic fractions decreased the capacity of the biomaterial to bind a variety of heavy metals. Hydrolysis of these biomasses, however, enhanced the cited capacity [34, 36] . By modifying carboxyl and amino groups in A. niger biomass, Kapoor and Viraraghvan [37] found that biosorption of heavy metals was significantly reduced, while esterification of phosphate moieties did not show noted variation in biosorption capacity. Tobin et al. [33] , on the other hand, demonstrated that phosphate structures present in Rhizopus arrhizus are especially important in metal binding. 
Auxiliary spectroscopic techniques
Infrared spectroscopy (IR) [19, 38] , nuclear magnetic resonance spectroscopy (NMR) [39, 40] , electron paramagnetic resonance (EPR) [41] , and X-ray absorption spectroscopy (XAS) [42] [43] [44] are useful techniques that have provided very important information regarding the nature of metal binding to different biomass types. Among these techniques, XAS is probably the most powerful tool available for the elucidation of chemical environments in different materials.
Overview on XAS
Synchrotron-based X-ray absorption spectroscopy (XAS) is a nondestructive technique that provides information about the oxidation state as well as the local environment of elements in a given sample [42, 43] . Synchrotron X-ray sources produce X-ray radiation by accelerating pulses of electrons to a speed that approaches that of light. When performing these analyses, a monochromatic X-ray beam is directed to the sample and the energy is gradually increased until it is strong enough to excite the core electrons that are subsequently ejected. This is the absorption edge energy and is specific for each element. In general, impurities do not cause interference, and by analyzing the absorption edge and the oscillations it is possible to obtain information about the environment of the absorbing atom [45] . XAS spectra are divided in two regions, X-ray absorption near edge structure (XANES), and extended X-ray absorption fine structure (EXAFS). XANES gives information about the oxidation state of the atom, and the coordination environment, while EXAFS provide data about interatomic distances as the number and identity of neighboring atoms within a 5 Å range [42, 43] .
XAS studies on metal binding to plant biomass
XAS has revealed very important information about the chemical environment of heavy metals adsorbed to different biomaterials. By using these data, it is possible to determine the functional groups most likely involved in metal binding as well as more detailed information about the chemical identity and the number of atoms attached to the absorbing element. In addition, any change in the oxidation state of the studied metal can be determined. Table 5 presents the results of various XAS experiments performed with a variety of plant-derived materials. Table 5 shows that the moieties containing oxygen atoms are the main structures participating in metal biosorption. In addition, N and S structures also contribute to metal sequestration. By combining XAS data with information about metal binding by chemically modified biomass, it is apparent that carboxyl moieties are the main functional groups responsible for heavy metal binding to a variety of plantderived materials such as peat moss, humic substances, and alfalfa [34] [35] [36] 38, 42, [46] [47] [48] [49] [50] [51] . 
COLUMN EXPERIMENTS
Since batch processes are usually limited to the treatment of small amounts of wastewater, a more practical alternative to eliminate metal ions from aqueous solution on a larger scale is required. For this purpose, column experiments are performed in order to evaluate the removal and recovery of metal ions under flow conditions. These experiments also allow testing of the recycling capacity of the packed biomass beads columns. For the column experiments, the biomaterial might also be used in the raw form or immobilized in a matrix. The biomaterial is packed into columns by which a flow rate is achieved. In some cases, the biomaterial already possesses the appropriate characteristics; most of the time, however, the immobilization needs to be accomplished in order to improve the native biomass mechanical strength, particle size, and resistance to chemicals that could be either present in the aqueous effluent or that might be used for metal desorption. The particle size aspect is important since very small particles will tend to clog the columns avoiding a continuous flow through the apparatus.
Immobilization methods include either entrapment into polymers or natural adsorption onto inert and porous support materials [52] . Support matrices for biomass immobilization include silica, agar, polyacrilamide, polysulfone, alginates, cellulase, and different cross-linking agents [8, [52] [53] [54] . However, in choosing the matrix, it is necessary to consider the cost of the material, the toxicity and the relative facility to perform the immobilization procedure.
Just as in batch experiments, biosorbents used in column techniques should keep the same adsorption capacity after various adsorption/desorption cycles and maintain the original physical characteristics. Desirable characteristics in a biosorbent include the same adsorption capacity after various adsorption/desorption cycles, the original physical characteristics (particle size, mechanical strength), and the ability to concentrate metals after stripping [6] .
In summary, column techniques involve the packing of the column with a biosorbent, preferably immobilized by one of the methods previously mentioned. After packing, a solution containing the metal(s) is passed through the column at a given flow rate until saturation of the biomaterial is achieved. Once the column is saturated, the contaminant attached to the biomass is recovered by using a stripping agent. Biomass saturation is determined by obtaining a breakthrough curve where the concentration of the contaminant in the effluent is plotted against the bed volume of the target solution. A typical breakthrough curve is shown in Fig. 2 . This figure shows that at 200 bed volumes, the target contaminant has not appeared in the effluent, meaning that the biomass is adsorbing it. At about 220 bed volumes, the pollutant starts appearing; this is the breakthrough point, and at 310 bed volumes the column becomes saturated. As previously mentioned, a good stripping agent should be able to recover the adsorbed metal in a few bed volumes allowing the concentration of the metal in a small amount of effluent. Column techniques facilitate the treatment of wastewaters to remove toxic pollutants at the site of emission and before contaminants reach water bodies and soils.
The use of biosorbents for water treatment has proven to have considerable advantages over traditional materials. Research is still in progress as different areas related to biosorption are being explored.
CONCLUSIONS
Experimental results have demonstrated that biomass of different natures can be utilized as cost-effective and environmentally friendly techniques in the removal of contaminants from water and wastewater. Plant biomass and biomass from agricultural by-products and in some cases appropriately modified have shown to have a high capacity for heavy metal adsorption. Toxic heavy metals such as Pb(II), Cd(II), Cu(II), Ni(II), Cr(III), and Cr(VI), as well as some elements from lanthanide and actinides groups have been successfully removed from contaminated aqueous solutions using different agricultural biomasses. Procedures such as incineration and landfill burial are common for the disposal of heavy metal laden biomass. However, heavy metals entrapped in biomass-packed columns can be recovered using stripping agents such as EDTA-disodium salt, sodium citrate, HCl, and others. This review demonstrates that the use of biosorbents for water treatment might have considerable advantages over traditional materials. Research is still in progress as different areas related to biosorption are being explored.
